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Systematic experimental investigations have been performed under uniform ﬂow conditions in a channel 
whose banks are equipped with large scale rectangular roughness elements. The practical motivation of this 
project is to see how restoration of banks, such as lateral cavities, has an inﬂuence on the transport of ﬁne 
sediments. The implementation of lateral cavities may aﬀect the sediment and morphological equilibrium of 
the river since these may trap sediments. This work aims to study the inﬂuence of the lateral cavities on the 
transport of ﬁne sediments in the main channel. A set of laboratory experiments are done which covers a wide 
range of rectangular cavity conﬁgurations and includes aspect ratios (lateral cavity depth divided by cavity 
length) between 0.2 and 0.8. Key parameters such as the ﬂow discharge and the initial sediment 
concentration are tested. Surface PIV, sediment samples and turbidity temporal records are collected during 
the experiments. The trapping eﬃciency of the cavities and the associated ﬂow patterns are calculated and 
discussed. The resulting conclusions provide useful information for the future design of river restoration 
projects.  
 




 River restoration is nowadays a major issue in the ﬁeld of hydraulics. The natural course and geometry of 
the rivers have been artiﬁcially changed by human activities for diﬀerent purposes (land gaining, ﬂood 
protection, agriculture, hydropower production). However, this man intervention has caused an alteration in 
the continuity of the sediment transport (Allan and Castillo, 2007; Schleiss et al., 2016). This way, the quasi-
natural equilibrium between the in-coming and outgoing ﬂuxes of sediments is broken (McCartney, 2009), 
leading to: (i) a deﬁcit situation or (ii) an excess situation downstream the reaches with a deﬁcit situation. The 
aforementioned unbalanced sediment equilibrium causes a twofold local morphological response: bed-erosion 
and instability of river-banks in areas where there is a sediment deﬁcit and strong deposition and clogging in 
areas with a sediment excess (Kondolf, 1997). Also, from an ecological point of view, the disruption of the 
sediment cycle has important consequences for the riparian habitats: ﬁne suspended sediments behave as 
transporting vectors of nutrients that help in algae growth (Von Bertrab et al., 2013) and also, they contribute 
to the creation of areas with diﬀerentiated velocity values that have a potential for fish and plants (Wood and 
Armitage, 1997; Kemp et al., 2011). 
 Furthermore, rivers channelized by man activity often display a straight path and monotonous river 
banks. One way to restore rivers consists of transforming the artificial banks by adding macro-roughness 
elements in the lateral river banks. However, these lateral cavities may be also responsible for the change of 
the river morphology, since they may trap the fine sediments travelling within the water.  
 The impact of these lateral embayments on the hydraulics of the rivers have already been thoroughly 
analyzed in several studies where diﬀerent objectives have been targeted: (i) exchange process between the 
main ﬂow and the cavity in relation to the turbulence motions in groyne ﬁelds and lateral cavities: experimental 
(Uijttewaal et al., 2001; Kolyshkin and Ghidaoui, 2002; Le Coz et al., 2006; Weitbrecht et al., 2001 Rivière et 
al., 2010; Uijttewaal, 2014; Akutina, 2015; Mignot et al., 2016) and numerical works (Hinterberger et al., 2007; 
McCoy et al., 2008), (ii) determination of the ﬂow resistance eﬀect owed to the lateral embayments created in 
the river banks Meile et al. (2011) and Sukhodolov (2014) and (iii) role of the sediment siltation in groynes 
ﬁelds for the sediment budget of rivers (Abad et al., 2008; Ten Brinke et al., 2004; Yossef and de Vriend, 
2010; Henning and Hentschel, 2013). Despite  the effort devoted by previous authors, laboratory experiments 
related to lateral embayments and morphodynamics are scarce and diﬃcult to carry out (Henning and 
Hentschel, 2013) since sedimentation processes are related with: the variability of discharge, the geometrical 
conﬁguration of the river banks and the sediment concentration transported in the ﬂow. Thus far, only minimal 
details about measured sedimentation in laboratory channels can be found in Sukhodolov et al. (2002). 
Common practice, in the literature mentioned earlier, consists of deriving sedimentation patterns based on 
groyne ﬁeld, ﬂow patterns measured in the channels and observed in the ﬁeld. However, the accuracy of the 
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sedimentation-erosion forecasts is hampered by the fact that the morphological response of the lateral 
embayment is assumed negligible in relation with the ﬂow patterns. The ﬁne material trapped in the 
embayment may modify the velocity ﬁeld, enabling the alteration of the location and magnitude of the eddies 
and consequently, the pick-up and settling ratio of the ﬁne particles inside the cavity. 
 In order to address which is the morphological answer of these lateral embayments, systematic 
experimental investigations in a channel have been carried out with a large number of diﬀerent geometrical 
bank conﬁgurations. The practical questions answered in this study are: (i) which is the impact of the lateral 
embayments on the hydraulics patterns, (ii) which type of lateral embayment will be ﬁlled up fast with ﬁne 
sediments and should be avoided in restoration projects and (iii) which type of lateral embayment will be ﬁlled 
up partially having zones with high and low velocities and potential for various habitat. 
 
2 EXPERIMENTAL SETUP 
 
2.1 Flume description 
 Experiments had been performed in a hydraulic system which worked in a closed circuit with different 
components, this included: (i) an upstream tank of 2 m long, 1 m wide and 1 m high that served as a mixing 
tank where suspended sediments had been mixed, (ii) a rectangular open channel which was 7.5 m long, 1.0 
m wide and 1.0 m high with 0.1 % slope (typical slope for the subcritical flows in the Alpine valleys) and (iii) a 
downstream tank of 3.5 m long, 1 m wide and 1 m high that collected the circulating flow. The water was then 








Figure 1. Sketch of the experimental ﬂume (left); upstream view of the experimental channel (right-a); 
rectangular channel with the macro-roughness elements (right-b); downstream view of the experimental 
channel (right-c) Initial conditions. 
 
2.2 Macro roughness configurations 
 The large-scale depressions, namely the rectangular cavities at the sidewalls were formed by concrete 
bricks (0.25 m long, 0.10 m wide, and 0.19 m high). A base channel width based on the prismatic elements, 
conﬁgurations 1.0, 2.0 and 3.0, had been set as a reference for all tests. They were inspired by Meile et al. 
(2011) who studied macro-rough ﬂows and they were considered as large-scale depression roughness 
(Morris, 1955). They were characterized by the length of the cavity l, the distance between two cavities L and 
the lateral depth of the cavities W. These geometrical parameters had been systematically varied among them 
and also, in relation with the base width b of the channel as shown in Figure 2. Furthermore, the combination 
of the characteristics lengths of the lateral embayments led to the deﬁnition of several geometrical ratios: 



















Figure 2. Geometric configurations tested and detail of the definition of the geometric lengths of the macro-
roughness configurations. 
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The combination of these three diﬀerent ratios with three diﬀerent discharges had resulted in 30 diﬀerent 
vertical axis-symmetric geometrical conﬁgurations that had been studied in this work, see Table 1. 
 
Table 1. Summary of test ranges of the geometrical parameters of the configurations. Listed are the 
expansion ratio (ER), the aspect ratio (AR) and the roughness ratio (RR). 
Group Configuration ER [-] AR [-] RR [-] 
1 1.1 1.34 0.80 0.40 
 1.2 1.34 0.40 0.40 
 1.3 1.34 0.20 0.40 
2 2.1 1.67 0.80 0.40 
 2.2 1.67 0.40 0.40 
 2.3 1.67 0.20 0.40 
3 3.1 2.00 0.50 0.50 
 3.2 2.00 0.50 0.60 
 3.3 2.00 0.50 1.20 
 3.4 2.00 0.50 2.50 
 
2.3 Initial conditions 
 Three diﬀerent discharges (representatives of a low, medium and peak discharge) with their 
corresponding maximum capacity sediment concentration had been considered in this study (Table 2). These 
discharges are deﬁned by the shallowness relation b/h between the water depth, h, and the channel width, b. 
The inﬂuence of the water depth is well known as a key parameter: shallow ﬂows lead to quasi-2D turbulence 
structures which are the net contributors for the mass exchange between the main ﬂow and the lateral 
embayments (Uijttewaal et al., 2001; Uijttewaal, 2014). Conditions for the low and medium discharges allow to 
have shallow ﬂows whereas the peak discharge situation is in the border of the shallowness condition. 
 
Table 2. Summary of initial conditions for each discharge tested. 
Discharge [ls-1] Q1= 4.8 Q2= 8.5 Q3= 15.0 
Water depth [m] 0.035 0.050 0.070 
Shallowness ratio b/h [-] 0.26 11.50 8.20 
Velocity [ms-1] 0.26 0.32 0.40 
Froude number [-] 0.442 0.458 0.484 
Reynolds number [-] 4835 8334 13966 
Concentration [gl-1] 0.50 1.00 1.50 
Experiment duration [h] 3.00 4.00 5.00 
 
 Characteristic values of Froude number, Reynolds number and the mean ﬂow velocities can be seen in 
Table 2. These values showed that the experiments had been conducted under subcritical and turbulent 
conditions. 
 Polyurethane artiﬁcial sediments had been considered in all the experiments. The properties of this 
material are: a grain size of d50 = 0.2 mm, a density equal to 1160 kgm-1 and a uniformity equal to 0.47. The 
mean diameter of the particles was chosen to be in the range of non-cohesive ﬁne sediment, 0.062-0.5 mm, 
according to Van Rijn (2007).  
 Sediment concentration had been chosen in order to fulﬁll the maximum suspended capacity of the ﬂow. 
Experiments were performed until reaching a quasi-equilibrium concentration state. The channel had its own 
inertia regarding the sediment decay: some of the particles were trapped in the small gaps between bricks and 
walls. Nonetheless, the sediment concentration decay was compared with the reference situations, thus 
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3 EXPERIMENTAL TECHNIQUES 
 
3.1 2D surface PIV 
 The study of the ﬂow pattern inside the cavity had been performed using a 2D-surface PIV technique as it 
had been previously done in (Uijttewaal et al., 2001; Weitbrecht and Jirka, 2001; Uijttewaal, 2014). Systematic 
photo sequences had been taken on the same cavity for the three discharges and for all the conﬁgurations. It 
was assumed that the position of the cavity, in the center of the channel, was representative of the ﬂow 
pattern for all the cavities, as there was no inﬂuence of the channel extremities. Water-level ﬂuctuations were 
also checked by means of ultrasonic probes. The accuracy of the water level measurements was at least ± 
0.002 m.  
 The PIV technique had been applied by seeding the channel with polystyrene particles with a diameter of 
3 mm and a density slightly under the one of water (0.946 gl−1). The acquisition of the photos had been done 
with a SUMIX SMX-160 camera, which was placed above the cavity. The recording process was performed at 
the beginning of the experiment at a rate of 3 frames/s (30 Hz). Photos sequences were subsequently post-
processed using Matlab and the package PIVLab (Thielicke and Stamhuis, 2014): a technique of window 
deformation was considered to track particles in the photo sequence. The picture was divided in small 
interrogation areas and a cross correlation algorithm derived the most probable particle displacement. This 
generated an instantaneous velocity ﬁeld for each time step. Next, this information was time averaged in order 
to analyze the stationary ﬂow patterns present in the embayment. 
 The measures obtained with the surface PIV only provided information concerning the motion of the free 
surface. Nevertheless, the shallowness of the conﬁgurations allowed to consider that the velocity ﬁeld in the 
embayment was mainly 2D (Tuna et al., 2013) and consequently, these results can be used as a proxy for a 
better comprehension of the phenomena occurring. 
 
3.2 Suspended sediment monitoring 
 The temporal evolution of the suspended sediment concentration was recorded in two locations in the 
channel: upstream and downstream. However, a transitional length was left (close to the tranquilizer and the 
gate) to avoid any perturbation in the measurements. 
 The data acquisition was carried out by two turbidimeters Cosmos-25. The signal was sampled with a 
frequency of 100 ms. Subsequently, the data was averaged for every 25 time steps before storing the values 
of the concentration. Information provided by the turbidimeters was punctual and it corresponded to a value in 
the vertical concentration proﬁle.  
 
3.3 Sediment deposition pattern 
 The study of the inﬂuence of the sedimentation on the cavity was performed following a twofold protocol: 
(i) plan view photos of the sedimentation patterns were taken in the same cavity where the PIV technique was 
applied. These photos were treated for extracting the surface occupied by the sediments in order to cross-
correlate their location with the information provided by the PIV technique. (ii) The total mass of sediment 
mass trapped inside the lateral embayments was collected. Later, the sediment samples were dried in an 
oven to eliminate the water content and weighted. This mass was divided by the total area occupied by the 




4.1 Flow patterns 
 2D surface PIV results of the lateral cavities are presented for configurations 2.2 (See Figure 3). Thanks 
to this technique, instantaneous (u',v') and mean velocity vectors (u�,v�) are obtained, being u and v the 
longitudinal and streamwise velocities respectively. Results are available for the cavity and the area of the 
main channel close to it. A dimensionless scale is used to characterize the cavity, x=l denotes the longitudinal 
direction while y=l the transversal direction. l is the length of the cavity. In addition to the velocity field, 
statistics on the turbulence were also performed. Mean Reynolds shear stress  and mean vorticity, were 
computed.  
 Depending on the aspect ratios of the lateral embayments, the flow was characterized by the formation of 
one or more large-scale vortical structures that can fit the whole embayment or can occupy it partially. 
 For every discharge, a single clockwise recirculating system is observed. This vortex is located in the 
downstream part of the cavity and its center is after the 0.5 x=l position. It therefore confirms the influence of 
the downstream cavity wall in the reflection of the eddies: the flow hits the opposite cavity wall and the 
recirculating zone starts at this boundary. While the discharge is increasing, the vortex tends to be longer in 
the x=l direction. Regarding the velocities, a velocity plume appears when the flow leaves the cavity and it 
reenters in the main flow. Velocity vectors indicate that outside of the lateral embayment the flow is 
unidimensional following the main direction of the channel. Results indicate a clear strengthening of the vortex 
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velocity with discharge and it is illustrated that for the highest discharge a secondary eddy appears in bottom-
left corner of the cavity. 
 
 
Figure 3. Geometric configuration 2.2. Mean longitudinal velocity field along with the velocity vectors (top-left); 
mean streamwise velocity field along with the velocity vectors (top-right); mean Reynolds shear stress field  
along with a few streamlines (bottom-left) and mean vorticity field along with a few streamlines (bottom-right). 
The results for the three different discharges are plotted from top to bottom and from 4.8 ls-1 to 15.0 ls-1. The 
shaded area indicates the region where the sediments settled down at the end of the experiment. In the 
dashed area, the information was not available for performing the PIV computations. 
 
Figure 4. Mean vorticity field along with a few streamlines for geometric configuration 2.1 (left) and geometric 
configuration 1.3 (right). The results for the three different discharges are plotted from top to bottom and from 
4.8 ls-1 to 15.0 ls-1. The shaded area indicates the region where the sediments settled down at the end of the 
experiment. In the dashed area, the information was not available for performing the PIV computations. 
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Regarding the shear stress and vorticity: two trends are observed when comparing among 
configurations: (i) For geometric configurations with high aspect and expansion ratios, it is stated that by 
increasing the discharge, the magnitude of the shear stress also increases. Thus, the vorticity also increases 
with higher discharges. The effect of the wall is observed in the magnitude of the vorticity which is larger in the 
bottom-right corner. See configuration 2.1 in Figure 4(left) as an example. (ii) However, it is observed that for 
configurations with low expansion and aspect ratio, higher discharges do not imply higher values of shear 
stress and vorticity (see configuration 1.3 in Figure 4 on the right). 
 
4.2 Time decay of the normalized concentration 
 During the experiments, the concentration was continuously measured at two positions in the channel. 
These measurements show the dynamics of the sedimentation and although the results of the three groups 














Figure 5. Geometric configurations for group 2. Time decay for the normalized sediment concentration. 
Results are shown for 4.8 ls-1. The curves are normalized by the initial concentration. 
 
 While the concentration of all the configurations drops rapidly in the beginning, it stabilizes and 
converges to an equilibrium value at the end of the experiment. Regarding the aspect ratio, one can see a 
correlation focusing on the dynamics. The lower the aspect ratio, the faster the drop in the concentration (see 
especially configuration 2.3 in Figure 5). 
 
4.3 Trapping efficiency 
To obtain the trapping efficiency of the different geometrical configurations, the trapped sediments were 
collected after each experiment. The total mass is then divided by the area occupied by the embayments in 
order to obtain the trapping efficiency. In Figure 6, these efficiencies are depicted for all the geometrical 
groups, starting with group 1. 
 
 
Figure 6. Trapping efficiency for all the geometric configurations. Below the figures, the values for the aspect 
ratio (AR), the expansion ratio (ER) and the roughness ratio (RR) are given. 
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Regarding the AR, it can be seen, that for the highest AR of 0.8, the lowest efficiencies are achieved. 
This can be observed both in groups 1 and 2. Between the smaller aspect ratios of 0.4 and 0.2, no clear 
tendencies are observed. There are clear tendencies regarding the discharge. The medium discharge of 8.5 
ls-1 obtains the highest efficiency in all the three geometrical groups. For the low discharge, the trapping 
efficiency shows only small differences when changing the ratios. 
 
5 CONCLUSIONS 
 The aspect ratio (AR) is the most important parameter to characterize lateral embayments. Both flow 
patterns and sedimentation processes are highly dependent on the AR. It is an important measure in order to 
analyze the location and number of eddies inside the cavities. In addition, the smaller the aspect ratio is, the 
more easily the flow attaches to the sidewall of the cavity. The trapping is faster and more sedimentation is 
trapped in the cavity. 
 The consequences for river restoration projects are as follows. The type of lateral embayment that will be 
filled up the fastest, is characterized by a small AR, a high ER and a low RR. Embayments of a larger AR and 
RR are providing better conditions for restoration projects, as they are not filled up as fast. This provides a 
more sustainable solution, as these embayments satisfy their purpose over a longer time period. In order to 
gain a lateral embayment that provides diﬀerent zones of varying velocities and the potential for sand/ gravel 
banks, low AR are needed. Due to the low AR, it will be ﬁlled up partially with ﬁne sediment inducing zones 
with higher and lower velocities. A combination with a rather high RR or low ER may control the 
sedimentation, in order to prevent completely ﬁlled up embayments.  
 In addition to the ratios of the embayments, the magnitude of the discharge shows a major impact on the 
sedimentation. The medium discharge achieves the highest trapping eﬃciency. The ampliﬁed gravity waves 
have a stabilizing eﬀect on the shear instabilities. This causes an increased trapping eﬃciency for the medium 
discharge. For the higher discharge, the trapping is reduced, due to the intensiﬁed recirculating force of the 
eddies in the embayment. As the recirculation is stronger, the turbulences in the embayments are higher, 
which decreases the settling of the particles. Although, the exchange between the embayments and the main 
channel is increased for high discharges, the particles cannot settle. This can be an indicator to design 
artiﬁcial ﬂoods as large as possible in order to keep the small particles in motion and avoid trapping in all the 
low ﬂow areas downstream. 
 The flow pattern recorded by the PIV shows a good correlation with the observed sedimentation patterns. 
The main vortex corresponds generally well to the area of sediment deposition in the embayment. Further, a 
coherent mixing layer is also found. And, high positive velocities correspond to areas that are free of 
sedimentation. However, for cavities of higher ER some inconsistencies can be seen. They can be explained 
by the three-dimensional conditions in this wide shallow embayments. 
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